In vitro interactions of thymocytes and thymocyte hybridomas with cortical (R-TNC.1) and medullary (TE-R 2.5) rat thymic epithelial-cell (TEC) lines were studied. It was found that the cortical line had better adhesion capability. It bound exclusively immature CD4+CD8+cq3TCR thymocytes, induced apoptosis of a subset of these cells, and stimulhted proliferation of the BWRT (CD4-CD8-ceflTCR-) hybridoma. The medullary line bound both immature and mature thymocytes, decreased their apoptosis, and induced apoptosis of the BWRT 8 (CD4+CD81cefiTCRhi) hybridoma. Thymocyte differently modulated cytokine production by TEC lines, upregulating the secretion of IL-1 by R-TNC.1 and IL-6 by TE-R 2.5 cells. Finally, coculture of thymocytes with TEC lines resulted in different patterns of protein-tyrosine phosphorylation in thymocytes. These results show the existence of mutual bidirectional interactions between thymocytes and TEC lines in vitro, but these processes differed depending on phenotypic characteristics and origin of TEC lines used.
INTRODUCTION
Thymic epithelial cells (TEC) form a supporting network of the thymus and represent the major component of the thymic microenvironment (van Ewijk, 1988) . They are of crucial importance in T-cell development acting through direct cell-cell contacts with thymocytes or by production of soluble factors such as cytokines, thymic hormones, neuropeptides, and other biologically active substances (Boyd et al., 1993; Anderson et al., 1996) . Thymocyte/TEC interaction is also a two-way process in which the development and functioning of TEC is dependent on the influence of developing thymocytes (Ritter and Boyd, 1993) . However, little is known of the role of individual TEC subsets at different stages of T-cell development and about how these bidirectional interactions are regulated at different levels of the thymic microenvironment.
One approach to resolving this problem has been selective isolation and cultivation of individual TEC subsets in vitro that could reflect their normal (reviewed in Anderson et al., 1996) . This is also in agreement with the strong attachment of BWRT 2 and BWRT 3 thymocyte hybridomas of cortical phenotype (Popovid et al., 1994) (Table I) to the line. Similar results were published on the phenotype of intra-TNC thymocytes in freshly isolated murine TNC (Wekerle and Ketelsen, 1980) or thymocytes engulfed by mouse TNC lines (Itoh et al., 1988; Hiramine et al., 1990 (Arnaout, 1990 (Berrih et al., 1985) . In our experiments, this cytokine upregulated the expression of class I MHC on both lines and induced the expression of class II MHC molecules and ICAM-1 ((olid et al., 1992, 1994a) . We also showed in antibody blocking studies that some of these findings, especially the expression of ICAM-1, could be relevant for increased thymocyte binding to these TEC lines ((olid et al., 1994a ).
Cortical and Medullary TEC Lines Differently Modulate Proliferation of Thymocyte Hybridomas
We next studied the effect of TEC lines on thymocyte hybridoma proliferation. The results presented in Table II show that these lines differently modulate proliferation of phenotypically different thymocyte hybridomas. The R-TNC.1 cell line stimulated proliferation of the BWRT 1 (CD4-CD8-cq3TCR-) hybridoma, whereas the growth of other hybridomas was not significantly affected. The stimulatory effect seems to be dependent on soluble factors since enhanced proliferation of the hybridoma was also observed using the R-TNC.1 supernatant.
In contrast, the medullary line, TE-R 2.5, strongly decreased proliferation of the BWRT 8 (CD4 hi CD81ce/rI'CRhi), which was predominantly dependent on direct cell-cell contact. Enhanced proliferation of BWRT could be caused by cytokines. Among them, IL-7 is a possible candidate since of the several cytokines tested (IL-1, IL-2, IL-6, IL-7, and TNF-c0, only IL-7 had a similar stimulatory effect on the hybridoma proliferation (data not shown). It has been demonstrated that IL-7 is a growth factor for DN thymocytes and that TEC produce this cytokine (Murray et al., 1989) . The stimulatory effect could be also caused by a factor produced by TEC, named TSLP (thymic stromal-derived lymphopoietin), which shares many effects with IL-7, but is structurally different (Ray et al., 1996) . A definitive answer to this question will be given when genetic probes and monoclonal antibodies to these molecules in rat are available. In further experiments, we confirmed that the inhibited growth of BWRT 8 by the TE-R 2.5 cell line was a consequence of induced apoptosis of the hybridoma (Table III) . The mechanisms involved in this process differed from apoptosis induced by TCR mAb cross-linking or dexamethasone treatment (Popovid et al., in press). The cortical line did not induce apoptosis of the BWRT 8 hybridoma. In contrast, this line potentiated apoptosis of thymocytes (Table III) . The effect was more visible after 8 hr of cell incubation when spontaneous apoptosis of thymocytes was less pronounced. Similar results have already been published for mouse TNC lines that selectively bind and eliminate (by apoptosis) DP thymocytes (Hiramine et al., 1990; Nakashima et al., 1990) . Recent experiments (Aguilar et al., 1994) demonstrated that the predominant function of TNC in vivo could be induction of apoptosis or elimination of nonselected thymocytes. Our results (Vuevid et al., unpublished) showed that the R-TNC.1 line has a dual role in vitro: induction of apoptosis of a subset of adherent thymocytes and stimulation of proliferation of a subset of engulfed thymocytes. These data could In contrast to these results, the TE-R 2.5 cell line decreased thymocyte apoptosis in vitro (Table III) . A similar effect was seen when purified DP thymocytes were used (not shown). At the moment, we do not know about the mechanisms involved in the process and whether it is relevant for selection processes in vivo; therefore, the phenomenon is attractive for further studies.
Thymocytes Differently Regulate IL-1 and IL-6 Production by TEC Lines in Culture As previously found ((oli6 et al., 1991, 1994b) , both TEC lines used in this study spontaneously produce low to moderate levels of IL-1 and IL-6. In this work, we examined cytokine production by the lines after their cultivation with thymocytes. Figure 2 shows that after 24 hr in culture, thymocytes differently influenced the cytokine production by TEC lines. Namely, thymocytes upregulated the production of IL-1 by R-TNC.1 and IL-6 by TE-R 2.5, respectively. The reason for the opposite effect is not clear, but this can be attributed to the different requirement for IL-1 and IL-6 production during T-cell development. The production of IL-1 by TE-R 2.5 and IL-6 by R-TNC.1 was not significantly changed. It was demonstrated that both IL-1 and IL-6 enhanced the proliferation of whole unseparated thymocytes in the presence of IL-2, whereas none of them induced thymocyte proliferation alone. IL-1 enhanced the proliferation of DN thymocytes more efficiently than IL-6 in the presence of IL-2, whereas IL-6 enhanced the responses of SP thymocytes to IL-2 better than IL-1 (Suda et al., 1990) . Based on these experiments, it can be hypothesized that the contact of thymocytes with the cortical TEC line enhanced the production of IL-1, which is necessary for proliferation of DN thymocytes. Both DN thymocytes and TNC are localized predominantly in the outer cortex (Wekerle and Ketelsen, 1980) . In contrast, the TE-R 2.5 line is derived from a subset of medullary TEC that are in close contact with SP, more mature thymocytes. As cited before, IL-6 is a growth factor for these thymocyte subsets. TE-R 2.5 FIGURE 2 Thymocytes differently regulate IL-1 and IL-6 production by TEC lines in vitro. Cytokine activities were determined using sensitive D 10S (IL-1) and B9 (IL-6) cell-line assays as previously described ((2oli6 et al. 1991) . Recombinant mouse cytokines (Genzyme)
were used as standards. White columns represent cytokine activities in supematants of TEC lines cultivated alone, whereas black columns represent cytokine activities in supematants of TEC lines cultivated with thymocytes.
It would be of interest to define signaling mechanisms involved in cytokine production by these TEC lines. One paper dealing with this problem showed that thymocytes stimulated IL-1 production by uncloned human TEC (phenotypic characteristics of TEC were not presented) through the CD2 (thymocytes)-LFA-3 (TEC) adhesion pathway (Le et al., 1990) .
TEC Lines Differently Alter Tyrosine Phosphorylation in Thymocytes
Finally, we studied tyrosine phosphorylation in thymocytes after coculture with TEC lines. Figure 3 shows different patterns of phosphorylation of a number of cellular substrates on tyrosines in thymocytes. The dominant finding was the appearance of two phosphotyrosine proteins of 110 and 120 kD at 40 min in culture of thymocytes with TE-R 2.5 but not R-TNC. 1 cells. In addition, hyper-or dephosphorylation of a number of other substrates can be observed, but kinetics of the processes differed depending on TEC lines used. At the moment, we do not know the identity of these molecules. The 110-kD protein could correspond to the catalytic subunit of phosphatidylinositol-3 kinase (pll0), an enzyme that has an important role in signal transduction cascade in T cells (Ward et al., 1996) . The 120-kD protein has a similar molecular mass as pp125 FAI': (Mc Cormic, 1993) or rasGAP (Schaller and Parsons, 1993) , which are both involved in intracellular signaling and become phosphorylated on tyrosine after activation of many cells. Thymocytes altered protein tyrosine phosphorylation in TEC lines, too (data not shown), but we did not find any de novo tyrosine phosphorylated substrates. The next experiments that are planned will aim to identify phosphorylated products using kinase-specific mAbs.
MATERIALS AND METHODS
Cells R-TNC.1 and TE-R 2.5 cell lines were established as previously described (12olid et al., 1991) . They were cultivated using RPMI medium with addition of 15% inactivated FCS, EGF, and insulin. All ingredients were obtained from Sigma. BWRT 1, BWRT 2, and BWRT 3 thymocyte hybridomas were produced by fusing resting adult rat thymocytes with a mouse thymoma cell line (BW5147) as described (Popovi6 et al., 1994) . BWRT 8 was selected from a fusion of BW5147 cells and ConA +IL-2-activated rat thymocytes (Popovi6 et al., 1994) . All cultures were maintained at 37C in an incubator with 5% CO2.
Suspensions of thymocytes were prepared from adult (10-week-old), neonatal, or fetal (17-day-old) AO rats. Thymocytes from adult rats were stimulated with PMA (20 ng/ml) for 30 min or with ConA (1 /zg/ml) +3 U/ml of human recombinant IL-2) (Genzyme) for 3 days. Cortisone-resistant Apoptosis was determined after cell fixation in 4% formaldehyde in ethanol overnight and staining with hematoxylin. The percentage of apoptotic cells (cells with condensed chromatin, pyknotic, or fragmented nuclei) was determined after calculation of at least 400 cells using light microscopy.
Cytokine Assays
The supernatant of confluent TEC monolayers cultivated alone or with thymocytes (1 106/well) for 24 hr were tested for IL-1 and IL-6 activities using proliferation of specific cell lines D10S and B9, respectively, as previously described ((olid et al., 1991) . No cytokine activity was detected in samples of thymocytes cultivated alone.
Phosphotyrosyne Analysis
Thymocytes (2 107/well) were cultivated on confluent TEC monolayers in 4-well plates for indicated times at 37C. After that, thymocytes were removed from TEC monolayers and solubilized using ice-cold TNT buffer containing 1% TritonX-100, 150 mM NaC1, 50 nM TRIS (pH 7.5), 1 mM sodium orthovanadate (ICN), and protease inhibitors obtained from Sigma (leupeptine, aprotonin, iodoacetamide, and PMSF, all at 10 /zg/ml) for 15 min. Insoluble material and nuclei were removed with a 10-min microcentrifuge spin (12,000 g) at 4C. Supernatants were added to SDS-PAGE sample buffer, boiled for 5 min, resolved on 10% SDS-PAGE, and transferred to the PVDF membrane. Detection of phosphotyrosinecontaining proteins was accomplished using a mouse monoclonal anti-phosphotyrosine antibody (PY20, ICN) followed by a peroxidase-conjugated secondary antibody (DAKO). Visualization was performed using an enhanced chemiluminescence assay kit (Amersham).
